New and more promising therapies for chronic hepatitis C (CHC) genotype 1 (G1) naive patients have recently been approved in the United States and Europe, and several more regimens are expected to become available within the next several years. While this scenario unfolds, it is necessary to develop a rational method to allocate current treatment in CHC G1 patients. We performed a cost-effectiveness analysis of boceprevir (BOC)-and telaprevir (TVR)-based triple therapy according to different patients' selection strategies. A semi-Markov model of CHC natural history and progression towards end-stage liver disease was built. We considered 3 selection strategies based on METAVIR fibrosis stage: (i) treat all patients with F1-F4 fibrosis, (ii) only F2-F4 and (iii) only F3-F4. For each strategy, TVR interleukin-28B-guided (IL28B-guided) and BOC rapid virologic response-guided (RVR-guided) therapies were applied. The model assessed the costs and outcomes, using a lifetime and 5-year time horizon, and adopting the Italian National Health System perspective. The incremental cost-effectiveness ratio (ICER) for F1-F4 strategy relative to F3-F4 was €5132 per quality-adjusted life years gained, across TVR IL-28B-guided 
INTRODUCTION
Hepatitis C virus (HCV) infection is a major global health problem with an estimated worldwide prevalence of 170 million persons. Untreated chronic HCV infection evolves through progressive fibrosis stages to cirrhosis and eventually liver decompensation and hepatocellular carcinoma (HCC). These conditions are characterized by high morbidity and mortality, and significant economic impact on health systems, as reflected by frequent highintensity hospitalizations, interventional procedures and liver transplantation [1, 2] . The natural history of chronic hepatitis C (CHC) can be radically changed by successful antiviral therapy (i.e. achievement of sustained virologic response, SVR).
Achievement of SVR reduces disease progression, occurrence of hard clinical outcomes (liver failure, HCC and death) and associated health costs [3] . Nevertheless, efforts to reduce morbidity and mortality of CHC have been historically limited by low SVR rates in genotype 1 (G1) patients treated with pegylated interferon alfa and ribavirin (dual therapy -DT) [4] . Triple therapy (TT) with DT plus one of two protease inhibitors (PI), boceprevir (BOC) or telaprevir (TVR), significantly improves SVR rates to 63-75% vs 38-44% with DT alone in treatment-naïve individuals [5, 6] . Despite improved SVR, the increased complexity, pill burden and adverse effect profile of TT have limited treatment eligibility and utilization. Two cost-effectiveness analyses of TT in G1 CHC naïve patients have demonstrated that these new treatment options are cost-effective [7, 8] , particularly when treatment strategy is determined by pretreatment (interleukin-28B gene polymorphism, IL28B) or on-treatment viral kinetics (rapid virologic response, RVR). Through these strategies, PIs can be avoided in a subgroup of patients who respond well to DT alone (IL28B C/C). Although two new DAA-based triple therapy regimens for genotype 1 infection (sofosbuvir or simeprevir to be used with DT) have been approved by the U.S. Federal Drug Administration as of December 2013 [9, 10] , new therapies are not expected to be approved globally until the end of 2014, even in midst of very promising data suggesting that interferon-free regimens may emerge as a new standard of care for genotype 1 HCV within the next 12 months. Considering the many challenges associated with TT, including pill burden (12-18 pills/day), q8 h dosing, multisystem toxicity, drug interactions, resistance and significant cost, and in face of limited economic resources and promising drugs in development, it is necessary to develop a rational method to selectively allocate current treatment in CHC G1 patients. Therefore, we performed a cost-effectiveness analysis of BOC-and TVR-based TT according to different patients' selection strategies driven by fibrosis stage.
METHODS

Overview
A decision-analytic semi-Markov model of HCV natural history and progression towards end-stage liver diseases was built to assess the cost-effectiveness of patient selection strategies for treatment-naïve patients with G1 CHC (Fig. 1) . The cohort was defined by initial fibrosis stage (Metavir score of F0, F1, F2, F3 or F4/compensated cirrhosis), age (stratified by fibrosis stage), IL-28B genotype (CC and non-CC types) and weight distribution. We considered three different strategies to allocate treatment: (i) treat all patients with F1-F4 fibrosis, (ii) treat only patients with F2-F4 and (iii) treat only patients with F3-F4. Each strategy was applied to two alternative BOC-or TVR-based treatment protocols which have been identified in previous studies as the most cost-effective: IL28B-guided, TVR-based TT and RVR-guided, BOC-based TT [7, 8] . The model estimated the costs related to the treatment with DT and TT, the costs associated with each health state, the life years (LYSs), the quality-adjusted life years (QALYs), the incremental cost per LYS gained and incremental cost per QALY gained. The model assessed the costs and outcomes using a lifetime time horizon in alignment with the Italian National Health System (NHS) perspective. Future costs and clinical benefits (QALYs) were discounted at 3% per year.
Because the landscape of HCV treatment is changing and very promising interferon-free treatment will be available soon, the cost-effectiveness analysis was performed with an alternative scenario using 5 years as the time horizon. This time horizon was chosen to simulate a reasonable maximum time before interferon-free treatments become available globally, with the hypothesis that it is only cost-effective to treat patients with the highest likelihood of liver failure in the next 5 years without treatment (F3-F4), and furthermore stratify patients who are unlikely to progress within 5 years for whom treatment deferral to future interferon-free regimens may be acceptable. In the 5-year simulation, the model assessed costs, number of end-stage liver diseases (decompensated cirrhosis, HCC or liver transplant) or death (ESLD-D) and incremental cost per ESLD-D avoided as outcome measures.
Model structure
The model simulated the disease progression of a treatment-naïve CHC G1 subject (Fig. 1) . The model included the following health states: patients achieving SVR (SVR), no fibrosis (CHC-F0), portal fibrosis with no septa (CHCF1), portal fibrosis with few septa (CHC-F2), numerous septa without cirrhosis (CHC-F3), compensated cirrhosis (CHC-F4 or CC), decompensated cirrhosis (DC), HCC, liver transplantation (LT-1Y) and liver transplant after the first year (LT-AFTER 1Y).
Treatment strategies-Three selection strategies were simulated in the model. Patients undergo treatment immediately if their fibrosis stage is included in the selection strategy considered, or later when they progress from a less severe fibrosis state not included in the selection strategy to a more severe and included state (e.g. in the F2-F4 strategy, a F1 patient was treated only when he progressed to a F2 state). The selection strategies were as follows: With this structure, the model compared the impact of more restricted strategies (e.g. F3-F4) and the effects of watchful waiting to treat the less severe fibrosis stage, with the impact of more comprehensive strategies that assumed treatment of all patients with any fibrosis (F1-F4). The goal of treatment was to achieve SVR. The treatment protocols are described in more details in Supplement 1.
Input parameters
Cohort characteristics-Initial model parameters for cohort age, fibrosis stage and weight distributions were developed using characteristics of an existing cohort of predominantly Caucasian G1 treatment-naïve CHC patients from northern Italy who were enrolled in the VBMH study (Value Based Medicine in Hepatology), an ongoing Italian prospective observational study [11] . The VBMH study includes 3213 patients consecutively recruited in three major referral centres during an 18-month period, including 111 G1 treatment-naïve CHC patients. The cohort characteristics are shown in Table 1 .
Mortality
In the states CHC-F0, F1, F2 and F3, we applied a nonliver-related mortality rate, inferred from the general Italian population [12] . Specifically, based on data from El-Kamary et al. [13] , the overall mortality applied to each fibrosis stages from F0 to F3 was adjusted by a mortality relative risk of 1.79. The model also estimated specific liver-related mortality when they progressed to advanced liver disease including CC, DC, etc. (Table 1 ). In the HCC state, all-cause mortality rate was applied due to an increase in both liver-and nonliver-related mortality compared to the general population [14] ( Table 1 ). The mortality rate of the general Italian population was applied to patients who achieved SVR.
Transition probabilities between states
A probability associated to each state transition was estimated (Table 1) . From the health state of SVR, the only transition allowed was to death for non-CHC-related causes, except for CHC-F4 patients who remain at risk for complications of cirrhosis and HCC [15] . The transition probability from HCC to liver transplant was inferred from the VBMH study [11] . Furthermore, the transition from decompensated cirrhosis and HCC to liver transplant was assumed in the model only for subjects aged less than or equal to 65 years as recommended by Italian guidelines for liver transplantation.
When transition probabilities were estimated from meta-analyses that included studies on Caucasian, Black and Asian patients, we reassessed the probability including only European studies to derive probability estimates from populations similar to our Italian cohort (Supplement 2).
Effectiveness of treatment
The effectiveness of the two alternative BOC-or TVR-based treatment protocols (stratified by fibrosis) is reported in Supplement 3. When possible, we used the efficacy estimates related to Caucasian patients to be more specific for a European context based on data reported from phase 3 clinical trials [5, 6, 16, 17] and from a meta-analysis [18] . In the BOC protocol, we estimated the RVR probability using a weighted mean between pegylated interferon alfa-2a and alfa-2b in the G1 and G4 patients reported in the meta-analysis by Romero-Gómez et al. [19] . Similarly, to estimate the SVR probability in patients with RVR, we used the SVR weighted mean between standard dose pegylated interferon alfa-2b and alfa-2a from the IDEAL study [4] .
When data stratified by fibrosis stage were not available, we made the following assumptions: the prevalence of IL-28 CC and the probability of eRVR were assumed equal in F1, F2 and F3, the probability of SVR was assumed equal in F1 and F2 IL-28 CC patients, the probability of RVR and eRVR was assumed equal in F1, F2 and F3 patients, while the probability of SVR was assumed equal in F1 and F2 treated or retreated with TT. On the basis of the efficacy ratio observed in the TT with BOC between F1-F2 (70%) and F3 (54%) patients, we estimated that the final SVR rates would be 22.9% lower in F3 patients with RVR compared to F1-F2 patients.
Health outcomes
Utility weights associated to each state were derived from the EuroQol Five-Dimensional 3 Levels (EQ-5D-3L) data collected in the VBMH study (Table 2 ) [20] . To assess the utility weights, we applied the recently estimated EQ-5D-3L Italian algorithm [21] . The patients included in this analysis were those with CHC, cirrhosis-CHC and end-stage liver diseases associated to HCV. Disutility associated to the side effects of DT and TT was estimated and applied in the model (Table 1) . We used the treatment disutility from Liu et al. [7] to assess the potential disutility applicable in our model.
Costs
Using the Italian NHS point of view, only direct costs were considered. The average annual cost per patient was assessed for each state ( Table 1 ). The costs related to a time period before 2013 were adjusted for a discount factor associated with inflation in Italian healthcare costs [22] . The cost associated to the SVR state (those cured by treatment) was assumed to be 0 € for patients between F1 and F3, while the cost associated to F4 patients with SVR was equal to CHC F4 patients without SVR. Methods used to estimate the drug costs and the weekly treatment cost are reported in Supplement 4. The cost related to genetic testing for the IL-28B polymorphism was included in the TVR protocol [23] .
Analysis
The model estimated costs, LYs and QALYs under each treatment protocol and selection strategy. Results are presented as incremental cost-effectiveness ratios (ICERs), incremental cost per QALY and LY gain. To be consider cost-effective, a strategy should be under the willingness to pay threshold of 37 000 € per QALY gained, considered acceptable by leading regulatory and decision-making agencies such as NICE-UK, AHRQ-USA and CADTH-Canada. To test the robustness of the model's assumption and specific parameters, we performed a one-way sensitivity analysis by changing parameters using plausible range or the 95% confidence interval (Table 1) . To test the impact of fibrosis stage distributions, we reperformed the analysis using the data by Poynard et al. [1] . A probabilistic sensitivity analysis was also performed to address the uncertainty of the model parameters. Statistical distributions were assigned to the model parameters to evaluate the uncertainty around the point estimates. Tables 1 and 2 and Supplement 3 report the type of distributions assigned to each parameter. Uncertainty in all model parameters was assessed using a Monte Carlo simulation, drawing parameter values at random 1000 times from the appropriate corresponding distributions.
As mentioned before, we also used an alternative scenario with a time horizon of 5 years and ESLD-D as outcomes to assess the potential cost-effectiveness of different patients' selection strategies in a short-term scenario. Results were presented as incremental cost per ESLD-D avoided, to show the impact in terms of patients save from the development of an end-stage liver diseases or death per € spent using different patients selection strategies. The model was validated to compare the different patients' selection strategies (Supplement 5).
RESULTS
Base-case analysis
In accordance with literature, the likelihood of SVR varied by fibrosis stage, with a higher probability of SVR in the mild stages compared to advanced stages (Supplement 6).
The results showed that F1-F4 and F2-F4 selection strategies were superior to F3-F4, in terms of QALYs and LYs gained but more expensive (Table 3 ). The ICERs for F1-F4 and F2-F4 strategies relative to F3-F4 were €5132 and €3798 per QALY gained, respectively, across TVR IL-28B-guided therapy and €7042 and €5944 in the BOC RVR-guided therapy ( Table 3 ).
The F1-F4 strategy was also cost-effective when compare to F2-F4; the ICERs were €11 089 and €13 904 per QALY gained, in the TVR IL-28B-and in the BOC RVR-guided therapies, respectively.
Sensitivity analyses
The results of one-way sensitivity analysis are showed in the Supplement 7. Results were sensitive to change in the annual discount rate costs, in the F1-F3 SVR utility value, in the mortality RR from nonliver causes in patients F0-F3, age of F2 patients and in the SVR probability for patient with no RVR and fibrosis stage F2.
The results of the probabilistic sensitivity analyses are showed in the Fig. 2 . These results suggested F1-F4 strategy to be cost-effective with a willingness to pay of €9000 per QALY in the TVR IL-28B-guided therapy (a1) and €10 000 per QALY in the BOC RVR-guided therapy (b1).
Short-time horizon analysis
Using a time horizon of 5 years, F1-F4 and F2-F4 selection strategies were slightly superior to F3-F4 in terms of ESLD-D avoided with a difference between 0.5 and 0.9 in a 100 patient simulation cohort (Table 3) . However, the F3-F4 selection strategy was more cost-effective than F1-F4 and F2-F4 strategies, with a difference in cost savings between €1 062 969 and €1 559 465 ( Table 3 ). The ICERs for F1-F4 and F2-F4 strategies relative to F3-F4 were €1 818 679 and €1 614 462 per ESLD-D avoided, respectively, across TVR IL-28B-guided therapy and €1 866 437 and €1 648 676 in the BOC RVR-guided therapy (Table 4) .
DISCUSSION
To our knowledge, this is the first model aimed at assessing the cost-effectiveness of patient selection strategies stratified by fibrosis stage, and using a 5-year time horizon (rather than lifetime), with the intention of comparing the relative benefit of broad (F1-F4) vs selective (F3-F4) treatment of CHC G1 infection. This model provides physicians and policymakers a rational method to allocate first-generation protease inhibitor-containing treatments in CHC G1 patients in a context of limited economic resources and expectation of promising new drugs in the future.
The results of our model confirmed that the cost-effectiveness of a F1-F4 treatment strategy was significantly decreased when the time horizon of the analysis was switched from lifetime to 5 years, a time frame in which we postulated newer and more effective HCV treatments would become broadly available.
In the lifetime scenario, the F1-F4 strategy provided an ICER of €5132 and €7043 per QALY in the TVR and BOC treatment protocols, respectively, compared to the F3-F4 strategy. Conversely, using the 5-year time horizon, the F1-F4 strategy provided an incremental cost for end-stage liver disease or death avoided of €1 818 679 pin the TVR IL-28B-guided therapy and €1 866 437 in the BOC RVR-guided therapy, compared with the F3-F4 strategy. When a 5-year time horizon was considered, the model showed that treating all F1-F4 patients had a cost of €33 625 or €36 518 per patient, with BOC and TVR, respectively, compared to €18 761 or €20 922 when only F3-F4 patients were treated. These increments in cost are related to a decreased number of end-stage liver disease or death of 0.0086 and 0.0080 per patient and an ICER of about €1 850 000 per ESLD-D avoided.
Because of the slow progression of CHC to cirrhosis/HCC and liver failure [1] , the impact of HCV eradication may not be observed for several years. Accordingly, our model demonstrates that although treating F1-F4 CHC patients is cost-effective across a lifetime time horizon, only the treatment of advanced fibrosis/cirrhosis is economically acceptable across a 5-year time horizon. This is of high clinical relevance in context of emerging therapies for G1 HCV which are associated with shorter treatment duration, decreased interferon requirement, and significantly improved safety and efficacy profiles. Although sofosbuvir (nucleotide polymerase inhibitor) and simeprevir (protease inhibitor) were approved by the U.S. FDA on 6 December 2013 [9] and 22 November 2013 [10] , respectively, and on 17 January 2014 in the European Union, broader global access to these new DAAs is not expected for several years. Due to the very high cost of these treatments, physicians, health payers and health policymakers are confronting difficult questions regarding how to prioritize patients for whom treatment should be given. This model provides stronger evidence to support a selective treatment strategy focused on the use of antiviral therapy for patients with advanced liver disease (F3-F4).
Several limitations of our study require clarification. First, all estimates for SVR with TT treatment were derived from phase 3 clinical trials rather than real-world practice due to higher quality of evidence; although we cannot exclude the possibility of lower SVR rates in nontrial settings, relative differences in SVR by fibrosis stage would be expected to be similar [4] [5] [6] 18] . Second, we focused on a cohort of Caucasian patients using efficacy and transition probabilities related to this group of subjects which is representative of a European cohort and may not be applicable to other populations. Furthermore, when specific data on different stages of fibrosis were not available, we used literature-based assumptions on IL-28B CC prevalence, eRVR, RVR and SVR probability; sensitivity analyses showed that these parameters did not change results. Instead, our results were more sensitive to a variation in the discount cost rate, utility value associated to a SVR state and to nonliverrelated mortality relative risk in CHC patients. The model did not include the possibility of reinfection after SVR which represents a rare but plausible scenario in high-risk populations such as injection drug users. Finally, a direct comparison of BOC and TVR was not performed in our model due to a primary aim of comparing fibrosis-based selection strategies rather than antiviral regimens and due to the absence of head-to-head comparative data.
In conclusion, our study provides important new evidence confirming that selective treatment of CHC G1 naïve patients with advanced fibrosis or compensated cirrhosis (F3-F4) is more cost-effective than broader treatment of all patients with CHC G1 (F1-F4) within a 5-year time horizon, which takes into account the rapidly changing dynamics of drug development for CHC infection. These results must be interpreted with caution, and individual patient treatment decisions must address the balance of risks between the safety/ efficacy profiles of current treatment regimens vs the risks of deferral until future therapies are available. The authors anticipate that cost-effectiveness across the spectrum of liver fibrosis will improve as multiple safe, highly effective, interferon-free regimens become available within the next 5 years, at which time drug and overall treatment costs may decrease and justify broader treatment of CHC infection. Table 4 Alternative scenario results (time horizon 5 years). Costs and effectiveness are given per 100 patients 
